Patients with chronic kidney disease and severely decreased glomerular filtration rate (GFR) are at high risk for kidney failure, cardiovascular disease (CVD) and death. Accurate estimates of risk and timing of these clinical outcomes could guide patient counseling and therapy. Therefore, we developed models using data of 264,296 individuals in 30 countries participating in the international Chronic Kidney Disease Prognosis Consortium with estimated GFR (eGFR)s under 30 ml/min/1.73m 2 . Median participant eGFR and urine albumin-to-creatinine ratio were 24 ml/min/1.73m 2 and 168 mg/g, respectively. Using competing-risk regression, random-effect meta-analysis, and Markov processes with Monte Carlo simulations, we developed two-and four-year models of the probability and timing of kidney failure requiring kidney replacement therapy (KRT), a non-fatal CVD event, and death according to age, sex, race, eGFR, albumin-to-creatinine ratio, systolic blood pressure, smoking status, diabetes mellitus, and history of CVD. Hypothetically applied to a 60-year-old white male with a history of CVD, a systolic blood pressure of 140 mmHg, an eGFR of 25 ml/min/1.73m 2 and a urine albumin-to-creatinine ratio of 1000 mg/g, the four-year model predicted a 17% chance of survival after KRT, a 17% chance of survival after a CVD event, a 4% chance of survival after both, and a 28% chance of death (9% as a first event, and 19% after another CVD event or KRT). Risk predictions for KRT showed good overall agreement with the published kidney failure risk equation, and both models were well calibrated with observed risk. Thus, commonlymeasured clinical characteristics can predict the timing and occurrence of clinical outcomes in patients with severely decreased GFR.
CKD include morbidity, mortality, and reduction in quality of life at the individual level and high costs at the societal level. 4 Patients with severely decreased glomerular filtration rate (GFR) in particular are at high risk for adverse outcomes, including kidney failure, cardiovascular disease (CVD) events, and death. 5, 6 Accurate prediction of whether and when clinical outcomes will occur in patients with severely decreased estimated GFR (eGFR <30 ml/min per 1.73 m 2 , subsequently designated stage G4þ) will help target efforts to treat and prevent worsening of disease.
There are a few existing tools to predict the onset of kidney failure treated with kidney replacement therapy (KRT; also frequently referred to as end-stage kidney disease), one of the most costly outcomes of CKD. 4 Tangri et al. 7 developed an absolute risk prediction tool for patients with stages G3 to G5 CKD (eGFR <60 ml/min per 1.73 m 2 ) in two Canadian cohorts, and this kidney failure risk equation (KFRE) was subsequently validated in 31 global cohorts. 8 Other prediction tools exist, but they have not undergone robust validation. [9] [10] [11] None of the tools was developed specifically for a population with stage G4þ CKD, nor do they predict other potentially more common events, such as pre-KRT death and nonfatal CVD events.
Using 29 cohorts of patients with stage G4þ CKD participating in the international CKD Prognosis Consortium, we simultaneously assessed the risks of KRT, nonfatal CVD events, and death, applying competing risk, meta-analysis with random effects models, and Markov process methodology. The goal was to develop a 2-and 4-year calculator to predict both the probability and the order of clinical events according to nine demographic and clinical characteristics.
RESULTS

Baseline characteristics
In total, there were 264,296 participants with eGFR <30 ml/min per 1.73 m 2 from 29 cohorts in 30 countries for use in model development (Table 1 ; Supplementary Table S1 ). Twenty cohorts had data for nonfatal CVD events, KRT, and death; and 9 had data for KRT and death only. Average age ranged from 47 years old (Nanjing CKD, China) to 82 years old (Parcours de Soins des Personnes Agées [PSPA], France). The distribution of eGFR and albuminuria varied by cohort but was often skewed toward the higher end of eGFR <30 ml/min per 1.73 m 2 and the lower end of urine albumin-to-creatinine ratio (ACR) ( Supplementary Figures S1 to S2 ). Cause of CKD included diabetes, hypertension, glomerulonephritis, polycystic kidney disease, and interstitial nephritis but was unknown in most of the cohorts ( Supplementary Table S2 ).
Rates, risk factors, and adjusted absolute risk of adverse outcomes
Overall, there were 123,985 deaths, 31,541 events of kidney failure treated with KRT, and 70,394 CVD events identified over a mean follow-up of 3.5 years. Events were categorized not only by their occurrence but also by their timing relative to KRT and CVD events and modeled as a function of age, sex, race, history of CVD, current smoking status, systolic blood pressure, diabetes mellitus, eGFR, and urine ACR ( Figure 1 ). Strong risk factors for developing KRT as a first event included younger age, black race, higher systolic blood pressure, lower eGFR, and higher urine ACR ( Supplementary  Table S3 ). In contrast, strong risk factors for developing a CVD event prior to KRT included older age, previous history of CVD, and diabetes. Older age and smoking were the strongest risk factors for death prior to KRT or CVD. There was some quantitative heterogeneity across cohorts, but risk associations were qualitatively consistent ( Supplementary  Figures S3 and S4) . The adjusted cumulative incidence of each event over time varied across cohorts, particularly by cohort type (Figure 2 ). The adjusted absolute risk of KRT as a first event was generally highest among the CKD research cohorts, whereas the risk of a CVD event or death prior to KRT was highest among the administrative cohorts. Second and third events were quantified in a similar manner ( Supplementary Table S4 and S6 and Supplementary  Figures S5 and S7 ).
Risk prediction model: 2-and 4-year outcomes
Risk factors and adjusted absolute risk were combined using a Markov process and simulations to create a prediction model for the probability and timing of clinical events and were approximated using a multinomial model (median R 2 ¼ 0.99; Supplementary Table S7 ; http://ckdpcrisk.org/ lowgfrevents/). In hypothetical scenarios, the probability of adverse events increased with longer follow-up and higher albuminuria. For example, a 60-year-old white man with a history of CVD, systolic blood pressure of 140 mm Hg, eGFR of 25 ml/min per 1.73 m 2 , and urine ACR of 30 mg/g but no current smoking or diabetes mellitus was predicted to have a 74% chance of remaining event-free at 2 years, along with a 9% chance of death and a 5% chance of KRT ( Figure 3a ). In contrast, a similar scenario but for urine ACR of 1,000 mg/g and assessment at 4 years resulted in a prediction of event-free survival of 34%, with a 28% chance of death, a 17% chance of survival with KRT, a 17% chance of survival with CVD, and a 4% chance of both ( Figure 3b ). Other scenarios that dramatically affected the probability of adverse events included lower eGFR (higher risk of KRT), the presence of diabetes mellitus (higher risk of CVD events) and older age (higher risk of death) (Supplementary Figures S8 to S13).
Comparison with the KFRE and observed risk of kidney failure treated with KRT
We compared absolute risk projections from the developed risk prediction model with the previously developed 2-year and 4-variable KFRE for a set of scenarios holding constant the overlapping risk characteristics (age, sex, eGFR, and albuminuria) but varying others that were included only in our model (race, systolic blood pressure, diabetes mellitus, smoking status, and history of CVD), demonstrating good c l i n i c a l i n v e s t i g a t i o n ME Grams et al.: Timing of clinical outcomes in severely decreased GFR Figure S20 ). Within cohorts, the prevalence of 2-year predicted KRT risk of >40% (potentially an actionable threshold) was approximately 10% in most cohorts, by using the KFRE and slightly higher by using our Markov model; but many participants had >50% predicted probability of remaining event-free at 4 years ( Supplementary  Figures S21 and S22 ).
Alternative risk prediction model: assessment of variation by cohort type
Alternate versions of the risk model that incorporated adjusted absolute risk estimates from the 3 types of cohort (CKD research, administrative, and referred CKD) showed an approximately 2-fold variation in the predicted risk of clinical events between models (Supplementary Figure S23 ; Figure 4 ). The predicted probability of KRT was higher and probability of death was lower in the CKD research cohort-based prediction model than in the overall prediction model; the opposite was true in the administrative cohort-based prediction model ( Supplementary Figures S24 to S26 ). Variation in adjusted absolute risk over time was less consistent by region or cause of disease ( Supplementary Figures S27 and S28 ).
Alternative risk prediction model: three-state Markov model
In sensitivity analysis, we compared the predicted probability of KRT and death from the 5-state Markov model derived from data from the 20 cohorts with all 3 outcomes to the predicted probability of KRT and death from a 3-state Markov model (CKD G4þ, KRT, and death) derived from data from all 29 cohorts with available KRT and death (Supplementary Figure S29 ). Risk projections were similar (Supplementary Figure S30 ).
DISCUSSION
In this global consortium of 264,296 patients with eGFR of <30 ml/min per 1.73 m 2 , we developed and tested a model to predict the absolute risk and relative order of KRT, nonfatal CVD events, and death in 2-and 4-year periods. The risk calculator has been made publicly available (http://ckdpcrisk. org/lowgfrevents/) and may aid in patient counseling, including referral recommendations for transplantation or vascular access surgery. With the caveat that many of our cohorts represent incident stage G4þ CKD patients, we found that occurrence of events (KRT, nonfatal CVD events, or death) was not uniformly high, with nearly 50% of the participants expected to be event-free at the end of 4 years.
Our study provides evidence that clinical characteristics at eGFR of <30 ml/min per 1.73m 2 have strong relationships with subsequent events, even in individuals with severely decreased GFR. 12 Both lower eGFR and higher albuminuria were strong risk factors for kidney failure treated with KRT. However, the absolute risks varied substantially according to age, with the predicted 4-year risk of KRT declining from 33% in a 35-year-old patient to 5% in an 85-year-old patient in a scenario with baseline eGFR of 25 ml/min per 1.73 m 2 and urine ACR of 100 mg/g. Not surprisingly, a history of CVD was an exceptionally strong risk factor for the occurrence of a CVD event among patients with stage G4þ CKD, supporting the potential importance of cardiovascular risk factor reduction in these patients despite their advanced kidney disease. Interestingly, in the included cohorts, many of the participants were predicted to remain event-free in the subsequent four years. This may be in part due to selection: there was a significant subset of participants with relatively low albuminuria, which may or may not be generalizable to the greater population. The state transition probabilities are denoted by P 1 through P 8 , where P is a function of age, x (a vector of covariates), and time. This vector includes baseline sex, race, history of CVD, current smoking, systolic blood pressure, diabetes status, albuminuria (P 1 to P 4 and P 6 ), estimated glomerular filtration rate (baseline for P 1 to P 3 , time updated for P 4 and P 6 ), and transplantation status (for P 5 , P 7 , and P 8 ). The probabilities of remaining in a state are denoted by P 0 , and P 9 to P 11 . c l i n i c a l i n v e s t i g a t i o n ME Grams et al.: Timing of clinical outcomes in severely decreased GFR A well-validated risk equation for kidney failure requiring KRT in stage G3þ CKD already exists. 7, 8 Our study adds to the published findings by simultaneously accounting for and estimating rates of competing events, particularly death. We confirm the accuracy of the KFRE in a population with lower GFR than the cohorts in which it was originally developed and validated, and we compared the KFRE to our own model, finding similar results. We suggest that health providers and systems use the KFRE in persons with GFR of <60 ml/min per 1.73 m 2 , in whom kidney failure treated with KRT is the primary event of interest and when a limited number of covariates are available. For patients with eGFR of <30 ml/min per 1.73 m 2 in whom there is interest in incident CVD events or death or the sequence of such events in relation to KRT, we suggest our newly developed equation, which uses additional covariates to produce a more refined estimate.
Strengths of our study include a large number of patients with stage G4þ CKD from a broad range of countries. Models were developed and rigorously tested with many different sensitivity analyses. Prediction tools incorporated 9 different clinical and demographic variables and explained approximately 40-fold of the variation in explained risk, but there remained approximately 5-fold variation between cohorts that was unexplained. Type of cohort did seem to be an important contributor in risk variation, with research cohorts having markedly higher KRT risk than others, even adjusted for baseline covariates. In those cohorts for which we had data, cause of CKD was not a major contributor to variation between cohorts. Although region has previously been found to play an important role in KRT risk, we did not see consistent differences between North America and non-North American regions, perhaps due to the relatively small number of cohorts from each region. 8 We had limited data with which to evaluate whether differences in therapeutic interventions such as renin-angiotensin system inhibition or statin use might partially explain variation across cohorts. 13 As with all models, there were certain assumptions. Relative risks were modeled as constant over time. The cumulative incidence of competing events was scaled to the cumulative incidence of the composite event derived from Cox regression. Initiation of KRT, which we and others used as an operational definition for the major adverse kidney disease endpoint, is a treatment decision which may be influenced by factors other than kidney function. For example, our observation of older age conferring lower risk for KRT may reflect preferences for conservative care rather than a slower progression of CKD or fewer symptoms. Fatal CVD events were simply counted as death, and not CVD.
In conclusion, our model predicts the occurrence and order of nonfatal CVD events, kidney failure treated with KRT, and death in patients with eGFR of <30 ml/min per 1.73 m 2 , based on parameters that are readily available in routine clinical practice. This tool may be a useful supplement c l i n i c a l i n v e s t i g a t i o n ME Grams et al.: Timing of clinical outcomes in severely decreased GFR to existing risk calculators when refined estimates that take into account competing events and patterns of events are required. Additional work is needed to further characterize sources of unexplained variation between cohorts, with the ultimate goal of identifying treatment strategies and practice patterns that can prevent or forestall adverse outcomes in patients with severely decreased GFR.
METHODS
Study population
Cohorts were identified from the CKD Prognosis Consortium (CKD-PC) as well as through an open call by the Kidney Disease: Improving Global Outcomes (KDIGO) entity. The CKD-PC has been described previously and in more detail in Appendices S1 and S2. [14] [15] [16] [17] Cohorts were considered eligible for the current study if they contained at least 500 patients with eGFR <30 ml/min per 1.73 m 2 , data for albuminuria, and at least 50 events each of kidney failure requiring KRT and death. There were 29 cohorts included in analyses using a 3-state Markov model, and 20 cohorts using a 5state Markov model. Thirteen cohorts were classified as CKD research cohorts (designed as a research study with planned study visits and active outcome ascertainment), 5 were classified as administrative cohorts (captured from a clinical or health system database covering an entire patient population), and 11 were classified as referred CKD cohorts (similar design as the administrative cohorts, but restricted to patients under the care of a nephrologist or in a CKD registry). This study was approved by the institutional review board at the Johns Hopkins Bloomberg School of Public Health (Baltimore, Maryland).
Covariates and outcomes
Serum creatinine was standardized to isotope dilution mass spectrometry and converted to eGFR, using the CKD-EPI 2009 creatinine equation. 18 Measurements of albuminuria included the urine albumin-to-creatinine ratio, urine albumin excretion rate, and urine protein-to-creatinine ratio, with conversion to ACR as needed. 7 In analyses, urine ACR was log-transformed and scaled to ln (10) , so that coefficients were interpreted reflecting differences per 10-fold higher ACR. Diabetes was defined by individual cohorts as fasting glucose $7.0 mmol/l (126 mg/dl), nonfasting glucose $11.1 mmol/l (200 mg/dl), hemoglobin A 1c $6.5%, use of glucose-lowering drugs, or self-reported diabetes. History of CVD was defined as a history of myocardial infarction, coronary revascularization, heart failure, or stroke. Smoking was categorized as current smoker versus former or never-smoker. Systolic blood pressure was reported by the cohorts and treated as a linear spline in regression models, with a knot at 140 mm Hg. Cause of disease was classified by individual cohorts. Outcomes included KRT, cardiovascular events, and death, and were defined using cohort-specific definitions (Appendix S1). Missing covariates (except for age, sex, race, and eGFR) were estimated using multiple imputation chained equations. [19] [20] [21] Competing risk analyses The associations between baseline covariates and first outcome were determined using competing risk regression, using the method of Fine and Gray, and treating first KRT, first nonfatal CVD event, and pre-KRT, precardiovascular death as competing events. 22 This was repeated for all participants who reached KRT first, treating post-KRT CVD events and death as competing events, and for all participants who had a CVD event first, treating post-CVD event KRT and death as competing events. Only the first nonfatal CVD event after the onset of eGFR <30 ml/min per 1.73 m 2 was captured. At each step, a composite endpoint was also evaluated in the same manner using Cox regression. For the first event, the composite endpoint consisted of first KRT, first CVD event or death pre-KRT and pre-CVD event. For the second event after KRT, the composite endpoint consisted of post-KRT CVD events or post-KRT death. For the second event after a CVD event, the composite endpoint consisted of post-CVD event KRT or post-CVD event death. For the outcome of death after a participant had developed both KRT and a CVD event, Cox regression was used to estimate associations, as there was no competing event.
Meta-analysis and estimation of baseline subhazards
Fine and Gray subhazard ratios derived in each cohort were pooled using random effects meta-analysis. Heterogeneity was evaluated using forest plots and I 2 statistics. [23] [24] [25] Cohort-specific adjusted baseline subhazards were estimated in each cohort by using competing risk regression, holding subhazard ratios constant and equal to the metaanalyzed subhazard ratios but allowing the baseline subhazard to vary between cohorts. The baseline subhazards were then used to calculate the adjusted cumulative incidence of each event over time. Baseline subhazards (i.e., the adjusted absolute risk over time) were displayed graphically to evaluate heterogeneity and summarized as the equally weighted mean over cohorts and, for cohort type-specific analysis, the equally weighted mean within cohort type. Note that, for the composite endpoints as well as event of death after KRT and a CVD event (where there is no competing event), Cox regression and baseline hazards were used, but the procedure was otherwise the same. AWeibull model was then fitted on the equal-weighted mean adjusted subhazard (or hazard) in order to allow a smooth, parametric estimate for use in the Markov process.
Markov process and simulations of absolute risks
The combination of parameters from the Weibull model and the meta-analyzed subhazard ratios were used to predict time-varying Figure 4 | Markov model predicted 2-year survival without kidney failure treated with kidney replacement therapy or cardiovascular events for a range of scenarios (varying systolic blood pressure, race, diabetes, history of cardiovascular disease, and smoking status) for a 60-year-old man, comparing estimates using overall mean with cohort type-specific means for the baseline hazards and subhazards. ACR, urine albumin-to-creatinine ratio; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate. ME Grams et al.: Timing of clinical outcomes in severely decreased GFR c l i n i c a l i n v e s t i g a t i o n Kidney International (2018) -, ---state transition probabilities (e.g., the probability of moving from stage G4þ to first KRT) for a given set of baseline covariates (age, sex, race, history of CVD, smoking status, diabetes mellitus, systolic blood pressure, eGFR, and urine ACR). In order to ensure that the probabilities for each state summed to 1, we scaled the cumulative probability of the events (for the first state transition, first KRT, first CVD event, and first death) to the cumulative probability of a composite endpoint ascertained using Cox proportional hazards model, as done previously. 26 These state transition probabilities thus varied by time, age, and baseline covariates and were incorporated in a heterogeneous Markov process, using a cycle length of 1 month and time horizons of 2and 4-years. Outcomes were estimated using 10,000 simulations for each scenario, where a scenario corresponded to a set of covariates. In other words, each iteration corresponded to 1 hypothetical person with the given set of covariates, and variation in the results of the iteration represented the stochastic natures in which persons traversed the Markov model. In order to assess the sensitivity of risk prediction to cohort type, we repeated the procedures using cohort-type-specific parameters for the baseline subhazards. We also repeated analyses in a 3-state model (CKD stage G4þ, KRT, and death) (Supplementary Figure S29) to compare the results. To evaluate sources of unexplained variation, we examined the distribution of cumulative incidence of events by type of cohort, region, and prevalence of different causes of CKD.
Development of a web calculator
In order to implement the Markov process as a Web tool, we developed an estimating equation on simulated estimates for 3,702 baseline scenarios (every combination of age [35, 45, 55, 60, 65, 75, 80, and 85 years of age], sex, race [black and nonblack], diabetes status, history of CVD status, smoking status [current smoker and never-or former smoker], systolic blood pressure [180 and 140 mm Hg], eGFR [15 and 25 ml/min per 1.73 m 2 ], and ACR [30, 100, and 1,000 mg/g]). To do this, we fitted multinomial models and weighted them by the inverse probability of each outcome from simulations (e.g., KRT only, CVD only, death only; KRT followed by CVD, CVD followed by KRT, and so forth). Multinomial models incorporated all the available covariates and two-way interactions significant for any of the outcomes. Calibration of the multinomial model to the simulated outcomes was assessed using R 2 and rootmean-squared errors for each outcome. Functional forms of covariates were the same as those used in the competing risk regression. For the purposes of this manuscript, predicted probabilities in the figures and text stem from the multinomial model.
Comparison of our developed risk model with the KFRE and observed risk
We compared absolute risk estimates of the probability of KRT from our newly developed risk model to that calculated in the absence of competing events using the previously published KFRE. 7, 8 To do this, we held shared variables constant (age, sex, eGFR, and ACR) and varied the covariates unique to our model (race, systolic blood pressure, diabetes mellitus, smoking status, and history of CVD), and we assessed R 2 within cohorts. We also compared risk predictions from our developed risk model as well as the KFRE to observed KRT risk. To do this, we divided predicted risk categories into <20%, 20% to 40%, >40% probability of KRT in the subsequent 2 years (clinically meaningful thresholds), using our developed risk model and the KFRE, and then we plotted the mean risk estimate against the observed risk within each category by cohort. Discrimination was assessed using the C statistic. All analyses were done using Stata 14 MP software (College Station, TX). 
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